ABSTRACT: DNA repair proteins conduct a genome-wide search to detect and repair sites of DNA damage wherever they occur. Human alkyladenine DNA glycosylase (AAG) is responsible for recognizing a variety of base lesions, including alkylated and deaminated purines, and initiating their repair via the base excision repair pathway. We have investigated the mechanism by which AAG locates sites of damage using an oligonucleotide substrate containing two sites of DNA damage. This substrate was designed so that AAG randomly binds to either of the two lesions. AAG-catalyzed base excision creates a repair intermediate, and the subsequent partitioning between dissociation and diffusion to the second site can be quantified from the rates of formation of the different products. Our results demonstrate that AAG has the ability to slide for short distances along DNA at physiological salt concentrations. The processivity of AAG decreases with increasing ionic strength to become fully distributive at high ionic strengths, suggesting that electrostatic interactions between the negatively charged DNA and the positively charged DNA binding surface are important for nonspecific DNA binding. Although the amino terminus of the protein is dispensable for glycosylase activity at a single site, we find that deletion of the 80 amino-terminal amino acids significantly decreases the processivity of AAG. These observations support the idea that diffusion on undamaged DNA contributes to the search for sites of DNA damage.
Although DNA is remarkably stable, it is nevertheless susceptible to spontaneous damage via reactions with cellular metabolites and environmental mutagens. Chemical reactions that alter the structure of the nucleobases within DNA are most commonly recognized and repaired by the base excision repair (BER) 1 pathway. Some base lesions can block DNA replication and transcription with cytotoxic effects, and many more alter the base pairing properties so that replication leads to mispairing and mutation. The BER pathway is initiated by a DNA repair glycosylase that must locate the site of damage within the genome. Once a damaged base is located, the glycosylase flips out the damaged nucleotide and catalyzes the hydrolysis of the N-glycosidic bond to release the lesioned base. The subsequent actions of an endonuclease, abasic site lyase, DNA polymerase, and DNA ligase are required to complete the repair pathway.
It is estimated that ∼10 4 base lesions are formed in a typical human cell every day and that the vast majority of these are correctly repaired by BER or other DNA repair pathways (4) . On the one hand, a large number of potential mutagenic events must be corrected. On the other hand, these lesions are very rare considering the size of the human diploid genome (∼10 10 nucleotides), with only one of every 1 million nucleotides sustaining damage on any given day. To underscore the magnitude of the damage recognition problem, this level of DNA damage requires a search of ∼10 5 nucleotides each day per enzyme molecule for an abundant protein of ∼10 5 copies per cell, and less abundant proteins would need to search a larger number of nucleotides. 2 Despite its importance, there is still much to learn about the initial recognition of DNA damage and about the mechanisms that ensure a complete and continuous search of the genome.
Human alkyladenine DNA glycosylase (AAG) is a 33 kDa monomeric protein that initiates repair of a diverse group of alkylated and deaminated purine nucleotides. These lesions include 3-methyladenine, 7-methylguanine, and 1,N 6 -ethenoadenine (εA), as well as the deaminated purines hypoxanthine and oxanine (refs 5 and 6 and refs cited therein). A consequence of this broad specificity is that AAG removes normal bases at a low level (5, 7, 8) . Substrate selection appears to be governed by a combination of selectivity filters. The first selectivity filter occurs at the nucleotide flipping step, since AAG preferentially selects lesions that are pre-sented in unstable base pairs. The catalytic mechanism constitutes a second selectivity filter. Once the lesions are bound, the use of general acid catalysis ensures that AAG excises only purine bases, even though smaller pyrimidines can fit into the active site (9, 10) . The third selectivity filter consists of unfavorable steric clashes with the exocyclic amino groups of guanine and adenine, so that purine lesions lacking these functional groups are preferentially recognized. Finally, since alkylation of N3 and N7 of the purine ring leads to destabilization of the N-glycosidic bond, AAG is able to effectively excise N-alkyl lesions with a relatively modest rate enhancement.
In this study, we focus on understanding the mechanism by which AAG searches for sites of DNA damage. It is widely accepted that genome-wide searches for specific sites will be most efficient if a correlated search is used whereby each binding encounter with the DNA involves a search of multiple adjacent sites (11) (12) (13) (14) . This can be accomplished by diffusion along the DNA, which can be mediated by nonspecific binding interactions. A large body of work on restriction endonucleases and transcription factors has demonstrated the ability of these proteins to slide along DNA in search of their recognition sites (e.g., refs 15-17) . Studies of several BER enzymes have also found evidence of processive action at adjacent sites on DNA, albeit with processivity decreased relative to those of the restriction endonucleases (18) (19) (20) (21) (22) (23) (24) . A common criticism of many of these in vitro findings is that processive action occurs primarily at salt concentrations that are below physiological levels. Nevertheless, these studies provide compelling evidence that these proteins are capable of diffusion along DNA. In several cases, mutants have been used to directly correlate reductions in processivity with reduced biological function (25) (26) (27) . This correlation between in vivo function and the ability to conduct a correlated search in vitro suggests that diffusion along DNA is important for lesion recognition in vivo.
Our studies have focused on the repair of εA lesions. This lesion is thought to be the result of lipid peroxidation, and it is found at low levels in human cells under normal growth conditions (28, 29) . Since εA cannot hydrogen bond with any of the normal bases (Scheme 1), it is expected to present a relatively low barrier to nucleotide flipping. Indeed, it appears to bind more tightly than other substrates (5, 30) . The crystal structure of AAG bound to an extrahelical εA lesion shows that it is readily accommodated in the active site pocket, and the backbone amide of His136 donates a hydrogen bond to the N6 atom (31) .
We have developed a simple in vitro processivity assay and used it to characterize the ability of AAG to diffuse along DNA. We find that AAG is able to search at least 25 bp of DNA prior to dissociation at physiological ionic strength and pH. The ability of AAG to diffuse along DNA is eliminated at higher ionic strengths, consistent with the importance of electrostatic interactions for DNA scanning. Deletion of the poorly conserved amino terminus of AAG results in decreased processivity, presumably by increasing the rate of dissociation from DNA. These observations demonstrate that AAG is capable of performing a correlated search of DNA in vitro and that this ability is expected to increase the efficiency of DNA damage recognition in vivo.
MATERIALS AND METHODS
Proteins. Escherichia coli formamidopyrimidine DNA glycosylase (FPG) was obtained from New England Biolabs. Full-length and truncated recombinant human AAG were expressed in E. coli and purified as previously described (5, 9) . We refer to the amino-terminally truncated protein as ∆80, but residues K 83 that remain after proteolytic cleavage by human rhinovirus 3C protease. The concentrations of AAG proteins were determined from the absorbance at 280 nm and the calculated extinction coefficients. Under low ionic strength conditions, the excision of hypoxanthine shows burst kinetics (see the Supporting Information), with a rapid initial turnover followed by a slower steady state rate. We used this burst amplitude to calculate the concentration of active protein. The results from the burst analyses were in excellent agreement with the calculated concentration of AAG, indicating that greater than 90% of the recombinant proteins are active (see the Supporting Information).
Synthesis and Purification of Oligonucleotides. DNA substrates were synthesized by Integrated DNA Technologies or the Keck Center at Yale University. The εA-containing oligonucleotides were synthesized using ultramild protecting groups, and all other oligonucleotides were synthesized with standard protecting groups and deprotected according to the manufacturer's recommendations (Glen Research). After being desalted using Sephadex G-25, oligonucleotides were purified on denaturing polyacrylamide gels. DNA was extracted and desalted with a C18 reverse phase column (Sep-pak, Waters). Concentrations were determined from the absorbance at 260 nm using the calculated extinction coefficients. For εA-containing strands, we calculated the extinction coefficent for the identical sequence containing A in place of εA and then subtracted a value of 9400 M -1 cm -1 per εA residue to correct for the weaker absorbance of εA relative to A. For 5′, 3′, or dual fluorescein-labeled oligonucleotides, we assessed the labeling efficiency by comparing the absorbance at 260 nm with that at 495 nm and the calculated labeling efficiency was greater than 85% in all cases. For routine burst analysis that aimed to measure Scheme 1 the glycosylase activity and the fraction of active enzyme, the deoxyinosine-containing oligonucleotide 5′-(6-fam)-CGATAGCATCCTICCTTCTCTCCAT was annealed to the complementary 5′-ATGGAGAGAAGGTAGGATGCTATCG oligonucleotide with a 2-fold excess of the unlabeled strand. The sequence for the doubly labeled εA-containing oligonucleotide duplex is given in Figure 1 .
Glycosylase ActiVity Assay. Reactions were carried out at 37°C. Unless otherwise indicated, the buffer consisted of 50 mM NaMES (pH 6.1), 10% (v/v) glycerol, 0.1 mg/mL BSA, and the ionic strength was adjusted with NaCl. At pH 7.5, NaMES was replaced with 50 mM NaHEPES. The enzyme concentration ranged from 20 nM to 10 µM. Control experiments demonstrated that both full-length and ∆80 AAG retained greater than 60% of their activity when incubated under these conditions without DNA for up to 15 h and greater than 90% of their activity when incubated with DNA substrate under multiple-turnover conditions (see the Supporting Information). The reactions were initiated by adding a small volume of enzyme to a reaction volume of 20-60 µL that contained between 20 nM and 5 µM fluorescein-labeled DNA. Aliquots were withdrawn at various times and quenched with 2 volumes of 0.3 M sodium hydroxide to yield a final concentration of 0.2 M. The quenched samples were stored at 4°C until they were further processed to prevent base-catalyzed ring opening and subsequent depurination of the εA lesions (32) . Samples were heated at 70°C for 15 min to quantitatively cleave abasic sites. Control reactions demonstrated that negligible εA sites were cleaved by this treatment (e1%, data not shown). After hydroxide-catalyzed cleavage of abasic sites, the samples were diluted with 3 volumes of formamide, containing 10 mM EDTA, and resolved on 20% (w/v) polyacrylamide sequencing gels containing 6.6 M urea. Gels were scanned with a Typhoon fluorescence imager (GE Healthcare) to detect fluorescein (excitation at 488 nm and emission with a 520BP40 filter). The resulting fluorescence signal was quantified using ImageQuant and corrected for the amount of background signal. A standard curve was constructed by loading different amounts of fluorescently labeled oligo, and this established the linearity of the assay up to 2 pmol of DNA per band (data not shown). The intensity of each DNA band was converted into a fraction by dividing its intensity by the sum of the intensities for all of the DNA species present.
Single-TurnoVer Kinetics. The 47-mer processivity substrate ( Figure 1 ) was incubated with excess enzyme to ensure single-turnover conditions (this required a >2-fold molar excess of enzyme). The reaction progress curve was plotted as the fraction of product versus time and was fit by a single exponential F ) e(-k obs t), where F is the fraction of reaction, k obs the observed rate constant, and t time. In all cases, the nonlinear least-squares fit was excellent (R 2 < 0.95). At a saturating concentration of enzyme, the observed singleturnover rate constant reaches a maximum that we will term k max [33; we have previously termed this value k st , the singleturnover rate constant (5, 9) ]. The concentration of enzyme was varied by at least 3-fold to establish that the observed rate was independent of the concentration of enzyme, indicating that enzyme was in excess and at a saturating concentration (i.e., k obs ) k max ).
Multiple-TurnoVer Kinetics. Steady state kinetics for the dual lesion substrate were measured with a range of a 10-1000-fold excess of substrate over enzyme. Unless otherwise indicated, 2 µM DNA and 20 nM AAG (100-fold excess of substrate) were used. Although reaction rates were linear to >50% consumption of substrate, we used only the first 15-20% of the reactions to calculate initial rates. The initial rates for the disappearance of the substrate were calculated as a fractional change per unit of time. Values of k cat were calculated by multiplying this rate by the concentration of DNA and dividing by the concentration of enzyme [V init (nanomolar per minute) ) V init (fraction per minute) × [DNA] (nanomolar) ) k cat [E] ). At pH 6.1 and a low ionic strength, the rate-limiting step for multiple turnover is dissociation of the abasic product. We have fit the ionic strength dependence of k cat with the cooperative model
, where I is ionic strength, n the number of cation binding sites, K a the average affinity constant for binding of the cation, and k max the maximal single-turnover rate constant.
Determination of the Fraction ProcessiVe (F p ).
The ratio of processive events in which both damaged bases are excised in a single binding encounter divided by the total number of enzymatic events is defined as the fraction processive. Since only the ends of the DNA are labeled (Figure 1 ), an expression must be derived that depends only ontheinitialratesofformationofproductsandintermediates (15, 34) .
, where V A and V B are the initial velocities for the formation of the two products and V AB and V BC are the initial velocities for the formation of the two intermediates (Figure 1 ; see the Supporting Information for the derivation). Averages and standard deviations are reported for 3-10 independent determinations. The fraction processive decreases as the rate of dissociation increases. We have fit this to a cooperative model in which cations can bind to multiple sites on the DNA and thereby affect the rate of AAG dissociation. This model is analogous to the Hill equation, which takes the following form.
, where F p is the fraction processive, F p,max the maximal processivity observed, ∆F p the difference between the maximal and minimal processivity observed, n the number of cation binding sites, and K a the average association rate constant for cation binding.
We found that a small percentage (∼4%) of the substrate contains a ring-opened form of εA, such that only a single εA lesion is available for AAG-catalyzed excision (see the Supporting Information). This heterogeneity is expected to decrease the observed fraction processive. Assuming that AAG does not distinguish between oligonucleotides containing one or two lesions, it is predicted that single εA substrates will constitute ∼4% of the binding encounters under initial rate conditions (this has the effect of decreasing the initial rate of product formation by 4% and increasing the initial rate of intermediate formation by 4%). AAG-catalyzed excision of εA from a substrate that contains only a single site of damage will generate an intermediate-length oligonucleotide of 37 or 34 nucleotides that cannot be distinguished from an intermediate that arose from distributive action (i.e., dissociation by AAG prior to engagement of the second εA site). Thus, even if AAG were 100% processive, our preparation of substrate sets an upper limit to the fraction processive of 0.92
92, where V p and V int are the sums of the initial rates for products and intermediates, respectively;
The processivity function predicts a minimum value of 0 for purely distributive action. In this case, the initial rates for formation of products and intermediates will be identical (V p ) V int ). However, for initial rates that proceed up to 10% of the reaction of substrate, the probability of rebinding a released intermediate is not infinitely low. For example, at 10% reaction, the probability of rebinding an intermediate is 10% of that of binding a new substrate, if one assumes that the majority of binding encounters involve nonspecific interactions with DNA. The gradual accumulation of intermediates is expected to cause downward curvature in the reaction progress curve for the concentration of the intermediates and upward curvature in the reaction progress curve for the concentration of products. The effect of rebinding an intermediate in a purely distributive mechanism can be roughly estimated by evaluating the processivity at both 10 and 20% of the reaction. When 10% product is formed, the predicted velocity for formation of product will not be affected because binding to either substrate or intermediates gives rise to the same products (V p,corrected ) 0.9V p + 0.1V p ) V p ). However, the corrected velocity for formation of the intermediates will be decreased because fewer enzymatic events form intermediates from substrate and because action on existing intermediates decreases the amount of intermediates (V int,corrected ) 0.9V p -0.1V p ) 0.8V p ). This gives a predicted processivity value of 0.11 [F p 
At 20% of the reaction, this increases to an F p of 0.25. Therefore, the plateau of ∼0.1 that we observe for the fraction processive at high ionic strengths is likely to reflect a fully distributive mechanism rather than a residual ionic strength-independent processive mechanism.
RESULTS

Design of a QuantitatiVe ProcessiVity Assay for Characterizing the Ability of AAG To Diffuse along DNA.
We were interested in examining the extent to which AAG can use linear diffusion to search multiple nucleotides during a single binding encounter. Previous studies have shown that other base excision repair enzymes are able to act processively at multiple sites on concatameric substrates (18) (19) (20) (21) . However, the previously employed assays have the limitation that most individual intermediates cannot be resolved. Therefore, we designed a synthetic oligonucleotide substrate that contains two sites of damage. By labeling both ends of the DNA, base excision at either site can be observed (Figure 1 ). Similar strategies have been used to study the processivity of restriction endonucleases (e.g., refs 15, 17, and 34) , and a recent report (35) described an internal labeling strategy for investigating the processivity of E. coli uracil DNA glycosylase.
The premise of the processivity assay is that an enzyme capable of diffusion along DNA will randomly bind to a site on the substrate and then diffuse along the DNA to locate one lesion or the other. Under multiple-turnover conditions with excess substrate, most substrates will not have a protein bound. When the enzyme dissociates, there is a low probability of rebinding the same DNA molecule. If the enzyme can diffuse along DNA and sample many binding sites prior to dissociation, then it may be able to excise both lesions before dissociating. We refer to the ability to remove multiple lesions in a single binding encounter as a processive mode of action. In the extreme case of 100% processive action, no intermediates corresponding to a single excision will be found. If AAG lacks the ability to diffuse along the DNA (i.e., dissociation into solution is much faster than translocation to the other site of damage), then intermediates corresponding to action at only a single site will accumulate at the same rate as the terminal fragments [enzymatic events E 1 and E 2 ( Figure 1) ]. This extreme is called distributive action. Depending on the distance between the target sites and the solution conditions, the behavior of the enzyme is expected to lie somewhere between these two extremes. We use the fraction processive (F p ) to define the fraction of enzymatic binding events that are processive versus the total number of processive and distributive events (Scheme 2; see Materials and Methods and the Supporting Information). The average processivity can be determined by following many DNA binding events under steady state conditions (15) .
AAG is a monofunctional DNA glycosylase, and its products are an abasic site and a free nucleobase. To monitor creation of the abasic site, enzymatic reactions were quenched in sodium hydroxide and mixtures heated to quantitatively convert the abasic sites into single-strand breaks. Substrates, products, and intermediates (resulting from base excision at one of the two sites of damage) were separated on a denaturing polyacrylamide gel and their relative intensities quantified with a fluorescence scanner (see Figures 1 and  2 ). The internal fragment [B (Figure 1) ] is unique to processive enzymatic events, but it is not labeled and cannot be detected directly in our experiments. Nevertheless, we can calculate the fraction processive because all of the other DNA species are observed and independently quantified (see Materials and Methods and the Supporting Information).
Human AAG exists in at least two splice forms that differ slightly at their amino termini, and the larger splice variant is 298 amino acids in length (36) (37) (38) . The amino terminus of AAG is poorly conserved even among mammals (see the Supporting Information). In contrast, the carboxy-terminal glycosylase domain is highly conserved across vertebrates, and sequence conservation can be detected in some prokaryotic DNA glycosylases (39, 40) . The amino-terminal portion of human AAG is sensitive to proteolytic degradation, and it was not included in the crystal structures of AAG bound to DNA substrate and inhibitor (31, 41) . Our initial experiments used a truncated form of AAG (∆80) that lacks the first 79 amino acids. This protein appears to be fully functional for N-glycosylase activity in a variety of in vitro assays (9, 36, 42) . Other studies have implicated the amino terminus in interactions with other proteins, hHR23a/b and MBD1 (43, 44) . Therefore, we have also examined the processivity of the full-length recombinant protein (longest splice variant).
Characterization of the ProcessiVity Substrate. We performed single-turnover reactions with excess ∆80 AAG over DNA as an initial characterization of the substrate ( Figure  2 ). Under these conditions, both sites of damage can be simultaneously saturated (two AAG molecules per substrate oligonucleotide), so that any differences in reaction rate at the two sites can be monitored. As the two εA sites have very similar sequence contexts, it was expected that the two sites would have similar reactivities ( Figure 1A) . Indeed, the single-turnover rate constant was essentially identical for both sites [k max ) 0.20 ( 0.01 min -1 (Figures 2 and 3) ]. This rate constant is identical to that of the previously reported single-turnover excision of a 25-mer εA-containing oligonucleotide that shares the same sequence context [k max ) 0.2 min -1 (5)]. The observed disappearance of substrate occurs at twice the rate (k obs ) 0.4 min ) since excision at either of the two sites depletes the concentration of substrate ( Figure 2B ). For two independent excision events, the intermediates, in which only a single εA is excised, build up and then decay as a function of the rate constants for excision at both sites, which are identical in this case. We let the AAG-catalyzed reaction go to completion so that we could directly compare the fluorescence of the 5′-and 3′-labeled fragments (Figure 2) . The almost identical fluorescence of the two bands indicates that the 5′-(6-amino)fluorescein and 3′-fluorescein labels that were used have very similar quantum yields. Therefore, no corrections need to be made to the raw fluorescence values obtained from scans of the gel.
Since εA is susceptible to ring opening, especially at alkaline pH (32), we were concerned that some of the εA sites might be damaged during solid phase synthesis, deprotection, and purification. Indeed, this could explain the persistence of the AB and BC intermediate fragments over long reaction times (e.g., Figure 2 ). Since AAG has little or no activity against the ring-opened from of εA (45) , such damage would lead to an underestimate of the degree of processivity because the enzyme could act on these substrate molecules only once, regardless of residence time. We allowed the single-turnover reaction with AAG to proceed for more than 10 half-lives and determined that greater than 99% of the fluorescein-labeled substrate contains at least one εA that could be recognized by AAG and ∼95% contains two εA lesions. This is consistent with an ∼2% chance that a given εA nucleotide undergoes spontaneous degradation during synthesis, deprotection, and purification. Control reactions with E. coli FPG, an enzyme known to be active on the ring-opened form of εA (45) , confirmed that the majority of the AAG-resistant lesions could be excised by FPG and are likely to be ring-opened εA bases (see the Supporting Information). This small percentage of substrate that is refractory to dual excision by AAG (∼4%) leads to a slight underestimate of the processivity. We calculate a theoretical maximum F p of 0.92 for a fully processive enzyme acting on this substrate (see Materials and Methods). Since none of our conclusions rely on the exact value of the fraction processive, we have not corrected any of the observed values of F p for the heterogeneity existing in the DNA substrate.
To ensure that the AAG · DNA complex is fully saturated at high ionic strengths, we investigated the ionic strength dependence of the single-turnover reaction at several concentrations of AAG. At saturating concentrations, the singleturnover rate constant reports on steps that occur subsequent to DNA binding up to and including N-glycosidic bond cleavage (Scheme 2). Since base flipping is expected to be fast, N-glycosidic bond cleavage is likely to be rate-limiting under these conditions (5). In the ionic strength range from 30 to 300 mM, the single-turnover rate constant is independent of ionic strength and identical for both sites [k max ) 0.20 ( 0.01 (Figure 3) ]. These data are for ∆80 AAG, but the single-turnover rate constant for full-length AAG under Scheme 2 these conditions was the same within error [k max ) 0.23 ( 0.04 (data not shown)]. These data confirm that the AAG · DNA complex is saturated at both sites even at high salt concentrations and suggest that AAG-catalyzed Nglycosidic bond cleavage is insensitive to ionic strength in this range.
ProcessiVity of AAG at Low Ionic Strengths.
Previous studies of processive action of enzymes on DNA have consistently found that processivity is greatest at low ionic strengths and that it decreases with an increase in ionic strength, presumably because dissociation from DNA is accelerated at increased ionic strengths (15, 18, 46) . Therefore, we performed multiple-turnover experiments under lowionic strength conditions (I ) 50 mM) to address whether AAG exhibits a processive searching mechanism. AAG has a slightly acidic pH-rate optimum for excision of neutral lesions, including εA, so reactions were initially conducted at pH 6.1 (5, 9) . Under these conditions, the multiple-turnover reaction was very slow, requiring incubation times of up to 12 h. This corresponds to multiple-turnover rate constants that are 10-20-fold lower than the single-turnover rate constant. Stability controls indicated that both full-length and ∆80 AAG retain at least 50% activity over 12 h when incubated without DNA but are considerably more stable when incubated with DNA substrate, so that no loss of AAG activity was detected during the course of the assay (see the Supporting Information). Figure 4 shows a representative gel from a multiple-turnover processivity experiment. The leftmost lanes show time courses for reactions with no enzyme, ∆80 AAG, or full-length AAG at an ionic strength of 50 mM ( Figure 4A ). For both enzymes, it is apparent that the products resulting from processive action build up much more quickly than the intermediates that result from distributive action, as expected for a processive mode of action ( Figure 4B,C) . Surprisingly, ∆80 AAG was ∼2-fold faster than full-length AAG for multiple-turnover excision of εA Figure 1 for a schematic of the substrate and expected products resulting from N-glycosidic bond cleavage and hydroxide-catalyzed abasic site hydrolysis). (B) Amount of each labeled DNA expressed as a fraction of the total fluorescence. Since the substrate contains two labels and the other species contain only a single label, the maximum for the product and intermediate bands is 0.5. The very similar maximal fractions observed for products and intermediates demonstrate that no correction is needed for either the labeling efficiency or the quantum yield of the 5′-and 3′-fluorescein labels. Furthermore, the almost identical rate constants indicate that both sites are recognized by AAG with equal efficiency. FIGURE 3: Single-turnover excision of εA is independent of ionic strength, and the two sites are equivalent under all of the conditions that were tested. Single-turnover excision of εA at site 1 (O) and site 2 (0) was assessed with 1 µM DNA and 3, 6, and 9 µM ∆80 AAG. The observed rate constants were independent of the concentration of AAG, so the average and standard deviation are shown (each data point represents at least nine independent determinations of the rate constant). The rates of excision at both sites are the same within error and independent of ionic strength (k max ) 0.2 min -1 ). These results are the same as those previously reported for excision of a single εA lesion from a similar sequence context using a 32 P-based glycosylase assay, suggesting that the activity of AAG is not affected by either of the fluorescein labels (5).
under these conditions (see below). The fraction processive was calculated as described in Materials and Methods and gave values of 0.76 ( 0.09 and 0.88 ( 0.04 for ∆80 and full-length AAG, respectively, indicating that both enzymes are highly processive at low ionic strengths.
Under multiple-turnover conditions, there is a very low probability of multiple proteins binding to the same DNA molecule so any intrinsic difference in binding or base excision at the two sites can be detected. Both products (fragments A and C) are formed at essentially the same rate, and therefore, AAG does not have a preference for either the 5′-or 3′-εA lesion ( Figure 4A and data not shown). Although much smaller amounts of the two intermediate fragments (AB and BC) were formed under these conditions, the rates for their formation were also the same within error ( Figure 4A and data not shown) . In principle, it is possible for an enzyme to exhibit different processivities depending upon the site at which it acts first [i.e., E 1,2 or E 2,1 ( Figure  1) ]. We considered this possibility but did not find a significant difference between the two possible pathways (15, 17; see the Supporting Information). This suggests that AAG recognizes and excises the lesions from the two sites with identical efficiency despite the different polarity and distance from the two DNA ends. Therefore, we routinely determined initial rates for the sum of the two products and for the sum of the two intermediates (e.g., Figure 4B,C) . This facilitated our ability to measure extremely slow rates of formation of intermediates.
Effect of Ionic Strength on the Multiple-TurnoVer Reaction and ProcessiVity. The ionic strength dependence of the steady state reaction was characterized to improve our understanding of the slow steady state rate at low ionic strengths and the modest, but reproducible, increase in the reaction rate for the truncated form of AAG relative to the full-length protein.
Since the DNA binding surface of AAG contains many charged groups and because linear diffusion along DNA by other enzymes is very sensitive to ionic strength, we anticipated that an increased ionic strength would cause a switch to a distributive mechanism. Comparison of the processivity of full-length and truncated proteins at increased ionic strengths would allow even a modest change in processivity to be detected.
First, we determined the effect of added sodium chloride on the steady state reaction rate. The k cat values were obtained from linear fits to the initial rates for disappearance of substrate for reactions in which the ionic strength was adjusted between 50 and 300 mM by the addition of sodium chloride (see the Supporting Information for a representative plot). The results for both full-length and ∆80 AAG are summarized in Figure 5A . For ∆80 AAG, the multipleturnover rate constant increases with an increase in ionic strength until ∼200 mM, at which point it reaches the singleturnover rate constant. The full-length AAG follows a very similar ionic strength dependence but does not reach the single-turnover rate constant until an ionic strength of ∼250 mM is reached. Across the ionic strength range from 50 to 200 mM, the truncated enzyme maintains an ∼2-fold faster rate of reaction. Although this difference between full-length and ∆80 AAG is modest, there are several reasons to believe that it is real. To control for possible differences in protein concentration, we performed active site titrations of both enzymes on the same substrate to determine the active concentration of the enzyme (see the Supporting Information). To control for possible differences in DNA substrate concentration, since the k cat value in a gel-based assay is also dependent upon this concentration, the steady state kinetics were performed side by side with the same stock of DNA. Furthermore, both enzymes gave the same k cat value at high ionic strengths, and this rate constant was in very close agreement with the k max values for single-turnover excision.
The ionic strength dependence of the steady state excision by AAG strongly suggests that a different step is rate-limiting at low and high ionic strengths. The rate-limiting step at low ionic strengths accelerates in response to added salt up to the point at which an ionic strength-independent step becomes rate-limiting. At high ionic strengths, the excellent agreement between the single-turnover and multiple-turnover rate constants indicates that the rate-limiting step is the same, hydrolysis of the N-glycosidic bond. The rate-limiting step at low ionic strengths for multiple-turnover excision must occur subsequent to hydrolysis of the N-glycosidic bond and is most likely to be dissociation of the DNA product. An increased dissociation rate constant at higher salt concentrations is consistent with weakened electrostatic interactions between the positively charged protein and the negatively charged DNA.
We compared the ionic strength dependence of the fraction processive for both full-length and ∆80 AAG, and the results are shown in Figure 6A . Both proteins show a steep decrease in processivity with an increase in ionic strength; however, the full-length protein shows significantly higher processivity at intermediate ionic strengths (100-200 mM). We believe that the processivity of ∼0.1 that both proteins approach at high ionic strengths is reflective of a fully distributive mechanism, since this value is expected for distributive FIGURE 6 : Ionic strength affects the processivity of AAG. Processivity at the optimal pH of 6.1 (A) and at pH 7.5 (B) was determined at increasing ionic strengths, as described in Materials and Methods. Both ∆80 (O) and full-length AAG (0) were examined. The average value of three to eight independent determinations is shown, and the error bars indicate the standard deviation for each condition. mechanisms at 10-20% of the reaction due to the low, but finite, probability of rebinding an intermediate containing a single εA lesion (see Materials and Methods). The observation of decreased fraction processivity under certain conditions provides an important validation of the processivity assay by addressing a trivial alternative interpretation of the low levels of intermediates observed in the steady state assay. For example, if AAG preferentially rebinds a substrate with an abasic site, then the pattern of products would appear to be processive even though the mechanism of base excision is distributive. Further evidence against this alternative model is that linear initial rates are observed for more than 40% of the reaction, indicating that even when the abasic product and εA-containing substrate are present in roughly equal amounts, AAG preferentially binds to the substrate (see the Supporting Information for a representative time course).
Multiple TurnoVer and ProcessiVity of AAG at Physiological pH. The initial processivity experiments were carried out at pH 6.1 because this is the optimal pH for AAG-catalyzed excision of εA in vitro. However, since εA base excision is slower at higher pH, we also performed processivity experiments at pH 7.5. The k cat values for both enzymes are significantly lower at pH 7.5 than at pH 6.1 ( Figure 5 ). However, in contrast to the ionic strength-dependent multipleturnover reaction observed at lower pH, the multiple-turnover reaction at higher pH was independent of ionic strength between 50 and 300 mM ( Figure 5B ). The change in the ionic strength dependence suggests that multiple-turnover excision is limited by N-glycosidic bond cleavage at pH 7.5 and that dissociation of the abasic product is relatively fast.
As described above for the pH 6.1 conditions, the fraction processive was calculated for full-length and truncated AAG as a function of ionic strength at pH 7.5 ( Figure 6B ). The results closely resemble the results at the lower pH, with maximal processivity at low ionic strengths (F p ) 0.87 ( 0.04 for both full-length and ∆80 AAG) and with decreasing processivity at higher ionic strengths. The midpoint of the ionic strength dependence is shifted to lower ionic strengths for both full-length and truncated proteins, relative to the midpoint observed at pH 6.1. For intermediate ionic strengths at both pH 6.1 and 7.5, the full-length protein exhibits higher processivity than the ∆80 truncated protein. Although the contribution of the amino terminus to a processive search is modest, it is interesting to note that this effect is greatest at physiological ionic strengths. This observation is consistent with the idea that residues in the amino terminus fine-tune the nonspecific DNA binding activity of AAG to allow for short-range correlated searching of adjacent sites.
DISCUSSION
We have investigated the mechanism by which human AAG, a DNA repair glycosylase that recognizes a wide variety of alkylated and deaminated purines, locates sites of DNA damage. We describe a processivity assay that allows quantitative measurement of the ability of AAG to remove multiple base lesions from a simple oligonucleotide substrate in a single binding encounter. This assay has provided evidence that AAG employs a processive searching mechanism that makes use of nonspecific DNA binding interactions to carry out a highly redundant search of adjacent sites. By comparing an amino-terminally truncated enzyme to the full-length enzyme, we found that the amino terminus plays a role in nonspecific DNA binding and increases the probability of a correlated search at physiological ionic strengths. These results are similar to those obtained for a variety of DNA binding enzymes and further support the idea that nonspecific DNA binding is an important feature of enzymes that must carry out genome-wide searches for specific sites (e.g., refs 11, 14, 15, 23, 24, and 47-49) .
The relatively short, dual-lesion substrate that we have utilized allows a simple and quantitative measure of the ability of a DNA repair glycosylase to translocate between nearby sites. This assay has several advantages over more commonly employed assays involving concatameric substrates. Most importantly, the small substrate size allows each possible product to be quantified and any inherent directionality of the scanning process to be detected. In addition, these substrates can be directly synthesized to allow for a wide range of site-specific modifications, such as the incorporation of fluorescent labels. However, the dual-lesion assay has the disadvantage that long sliding distances cannot be measured, because solid phase synthesis is limited to relatively short oligonucleotides. We have overcome this limitation by increasing the ionic strength to weaken the protein-DNA interaction. Beyond allowing quantitative comparison of mutants or alternative substrates, the ionic strength dependence provides mechanistic insight into the DNA damage recognition process.
At low ionic strengths, both full-length and ∆80 AAG exhibit a high degree of processivity at both pH 6.1 and 7.5 ( Figure 6 ). This demonstrates that nonspecific DNA binding by AAG enables a correlated search over a distance of at least several turns of the DNA helix. Since the εA lesions are separated by 25 bp and the pitch of B-form DNA is 10.4 bp per turn, these lesions are predicted to be on opposite sides of the DNA duplex. This rules out a hand-over-hand model for diffusion along one face of the duplex that would be analogous to the models that have been proposed for the movement of motor proteins such as myosin and kinesin along either actin or microtubule filaments (50, 51) . These data are consistent with either a one-dimensional mode of diffusion along one strand of the duplex (52, 53) or a twodimensional mode of diffusion in which both strands can be simultaneously searched (34, 54) . We have fit the ionic strength dependence of the fraction processive with a cooperative model whereby multiple cations affect the probability of finding a second site of damage. In principle, ionic strength-dependent changes in dissociation rate, scanning rate, or excision rate could be responsible for the ionic strength dependence of the processivity. However, the base excision step is insensitive to ionic strength because the single-turnover reaction does not change at ionic strengths between 50 and 300 mM (Figure 3) . Therefore, the simplest interpretation of the ionic strength dependence of the processivity is that the dissociation rate is dependent on ionic strength and that the rate of scanning is not. Consistent with this, the ionic strength at which half of the maximal k cat is obtained is similar to the ionic strength at which half of the maximal processivity is observed. Nevertheless, these experimental observations cannot rule out the possibility that the rate of scanning is also dependent upon ionic strength.
At physiological pH and ionic strength (pH 7.5, I ) 150 mM), AAG exhibits a processivity of 0.45 which is near the midpoint of the range of processivity values that we observe [0.1-0.9 ( Figure 6B) ]. Under these conditions, AAG has a roughly equal probability of finding the second site of damage or dissociating. It is possible that interactions with other proteins or covalent modifications of AAG increase its processivity in vivo. However, the observed in vitro processivity is consistent with the requirements for a genomewide search in vivo. The dissociative extreme in which only a single base is sampled per binding encounter would be inefficient because the search for damage would involve the entire three-dimensional space of the nucleus. The associative extreme would be inefficient because the repair protein would be restricted to distinct domains of DNA and movement between accessible regions of DNA would be limited. Therefore, an intermediate level of processivity, in which short sections of DNA are exhaustively searched prior to dissociation, is expected to balance the requirements of covering every single base of the genome (14, 16) .
At the optimal pH of 6.1, the k cat value for both ∆80 and full-length AAG is dependent upon ionic strength. Since the single-turnover rate constant is independent of ionic strength, this suggests that dissociation from the abasic DNA product is rate-limiting for multiple-turnover base excision. The AAG DNA binding surface has a high density of positive charge, so it is not surprising that high ionic strength weakens binding ( Figure 7) . We fit this ionic strength dependence with a simple model in which the rate of dissociation is dependent upon the number of sodium ions bound. At high ionic strengths, dissociation becomes sufficiently fast that an earlier step, presumably N-glycosidic bond hydrolysis, becomes ratelimiting. Consistent with this interpretation, the multipleturnover rate constant reaches the same value as the k max value for single turnover ( Figure 5A ). In contrast, at pH 7.5 the value of k cat is independent of ionic strength, suggesting that the N-glycosidic bond hydrolysis step is rate-limiting for multiple turnovers at even the lowest ionic strength tested. This is consistent with the observation that the singleturnover rate constant for excision of εA is ∼8-fold lower at pH 7.5 than at pH 6.1 (9) .
The slow rate constants that are observed for dissociation of the abasic product, reflected by slow multiple-turnover excision at low ionic strengths, suggest a relatively longlived AAG · DNA complex. For example, at pH 6.1 and an ionic strength of 150 mM, the full-length protein has a halflife of 7 min [t 1/2 ) ln 2/k dissociation ) ln(2/0.1 min -1 ) ) 7 min] for its dissociation from DNA containing an abasic DNA product. This can be compared to the half-life of 3 min for the ∆80 truncated protein. At an ionic strength of 50 mM, the half-life of the AAG · DNA complexes increases to 46 and 23 min for the full-length and truncated proteins, respectively. Presumably, dissociation would be faster from undamaged DNA, but even 100-fold weaker binding to undamaged DNA would imply a dissociation half-time of many seconds. A single-molecule study of 8-oxoguanosine DNA glycosylase provided an estimate of as many as 3000 bp sampled per second on undamaged DNA (55) . If AAG exhibits similar fast sliding, this implies a massively redundant search of adjacent sites in this long-lived AAG · DNA complex, in which case our lower estimate of >25 bp is an underestimate of the distance traveled during a binding encounter.
The importance of electrostatic interactions for the stabilization of the AAG · DNA complex is apparent from the increasing rate of dissociation from DNA and from the decreasing processivity that are observed with an increase in ionic strength. These observations are consistent with the positively charged DNA binding groove that is observed in crystal structures of the AAG · εA-DNA complex [ Figure  7 (31, 41) ]. The DNA binding groove contains four positively charged residues that directly contact the phosphate backbone (Arg141, Arg197, Arg182, and K229). It is not known whether there are additional contacts between the amino terminus of AAG, which was not present in the crystal structure, and the DNA. However, there are 13 arginine and lysine residues present in the first 80 amino acids, one or more of which could provide a positive electrostatic interaction. The increase in the multiple-turnover rate constant and the decreased processivity at higher ionic strengths that was observed upon deletion of the 80 amino-terminal amino acids suggests that the amino terminus either contacts DNA directly or alters the conformation of AAG to slow dissociation. However, the amino terminus does not appear to have any effect on the rate of base excision since the rate constant for the full-length protein reaches the rate constant of the ∆80 truncated protein at high ionic strengths ( Figure 5) .
Although it is difficult to quantitatively compare the processivity results from AAG with the two-lesion substrate with the results from concatameric multiple-lesion substrates that have been reported for other base excision repair enzymes, there are some obvious qualitative similarities. Whereas several enzymes exhibit processive excision of adjacent lesions at low ionic strengths (e70 mM), including E. coli and human UNG (19, 20) , Micrococcus luteus (56) and T4 endoV (46, 57) , human APE1 (18), E. coli MutY (21) , and E. coli FPG (21) , their behavior becomes distributive when the ionic strength is greater than 70 mM. Only E. coli FPG acting on an 8-oxoguanosine · cytosine-containing concatameric DNA showed processive behavior with an ionic strength greater than 100 mM (21) . It appears that AAG is more processive than these other enzymes that have been previously studied, because it shows a bias toward processive action at ionic strengths of up to 200 mM at optimal pH and up to 150 mM at physiological pH. Taken together, the results from a variety of eukaryotic and prokaryotic base excision repair enzymes are consistent with the idea that a coordinated search is important over relatively short distances along DNA.
In summary, our results reveal that AAG searches many adjacent sites on a DNA molecule in a single binding event prior to dissociation. This observation suggests that the majority of lesion recognition events involve initial nonspecific binding to undamaged sites followed by diffusion along the DNA. This searching process is expected to be highly redundant given the long lifetime of the AAG · DNA complex, providing ample opportunity for the enzyme to recognize and excise lesions that minimally perturb the structure of DNA. As the ionic strength is increased above physiological levels, the rate of dissociation from DNA increases and AAG switches to a distributive searching mechanism. In addition, deletion of the 80 amino-terminal amino acids, a region dispensable for catalytic activity, results in significantly decreased processivity at physiological ionic strengths. These observations suggest that the nonspecific binding affinity of AAG is tuned to allow for correlated searches of a local DNA domain while still allowing freedom for a long-range three-dimensional search.
NOTE ADDED IN PROOF
While this paper was under review, two independent studies were published in which similar techniques were used to examine the processivity of other DNA repair glycosylases (59, 60) .
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